Thermal analysis is a powerful method for measuring the stability and state change of substances during the heating or cooling process. Phenomena occurring in the process can be analyzed kinetically by using a series of data obtained under different conditions of temperature increase or decrease, and the method is called nonisothermal kinetic analysis . Some methods have been proposed for nonisothermal kinetic analysis. An isoconversional method uses quantities at the same conversion in the data, and the Friedman method 8 belongs to this kind of method. A peak method analyzes the data at the temperature where the conversion is maximum, and the Ozawa 9, 10 and the Kissinger 11 methods fall into this category. These methods are applicable to the analysis of the oil crystallization process. In the crystallization process, nucleation and crystal growth proceed simultaneously. Therefore, an apparent activation energy influenced by these two processes is obtained from the thermal analysis. Changes in the crystallization mechanism during the progress can be inferred from the apparent Abstract: Crystallization of vegetable oil affects the efficiency of the oil-refining process and the quality of foods containing the oil. However, the crystallization of the oil is a complicated phenomenon. The crystallization behavior of rapeseed oil was investigated using differential scanning calorimetry (DSC) at a cooling rate of 0.5-10℃/min. It was found that multiple crystal structures with a metastable crystal formed at high cooling rates. A deconvolution technique was applied to analyze kinetically the DSC curves with some peaks. Each DSC curve was separated into 3-5 peaks fitted with an asymmetric double sigmoid function and a Lorentz one. Each peak was normalized by its integrated value, and the crystallinity was calculated. Using the crystallinity values, Avrami, Ozawa, and Friedman plots were obtained. The cooling rate was found to affect the crystallization mechanism and triacylglycerol (TAG) composition of the crystal in the separated peak. Even if the peak numbers are the same, the TAG composition of the crystals might be different depending on the cooling rate. Judging from the peak top temperature and area of the separated peaks, trioleoyl glycerol and 1,2-dilinolenyl-3-linoleyl glycerol would be included in crystals in the peaks with the largest and lowest peak top temperatures, respectively. The relationship between the peak top temperature and cooling rate was unique. This suggests that the crystallization behavior during isothermal storage was different from that in a nonisothermal process.
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The crystallization behavior of vegetable oils, such as rapeseed and olive oils, was investigated under an isothermal condition, and it was reported that the time from the start of storage to the start of crystallization at a certain temperature, i.e. the induction period for crystallization, did not decrease monotonously with decreasing storage temperature 13 . This phenomenon is caused by the difference in the crystallization temperature and crystal structure among the TAGs composing the oil 14, 15 . The crystallization behavior in the constant temperature-decreasing process was significantly different from that in the isothermal storage process. However, the cause for the different crystallization behaviors remains unclear 13 . Since a curve with some peak overlap is obtained in the temperature-decreasing process, the above-mentioned thermal analysis methods cannot be applied directly to the curve.
Deconvolution is a method of separating the overlapping peaks and is often used for chromatographic peak separation. The method was applied to the differential scanning calorimetry DSC curve observed in the cooling process of olive oil to analyze its oxidation behavior 16, 17 .
The aim of this study was to examine the difference in crystallization behavior between that in the isothermal process and that in the constant temperature-decreasing one. The crystallization behavior of rapeseed oil was investigated using DSC operated at a cooling rate of 0.5-10 / min. A deconvolution technique was applied to conduct the kinetic analysis.
Experimental 2.1 Materials
Rapeseed oil first grade was purchased from FUJIFILM Wako Pure Chemical Osaka, Japan .
Differential scanning calorimetry DSC
Approximately 5 mg of the oil, which was accurately weighed, was enclosed in an Alodine-coated aluminum pan. An empty pan was employed as the reference. After holding the sample at 70 for 5 min, the sample was cooled to 100 at a rate of 0.5, 1, 2, 3, 4, 5, 6, 7, or 8 / min, and to 120 at a rate of 10 /min by DSC7020
Hitachi High-Tech Science, Tokyo, Japan . All the samples were then heated to 20 at 10 /min.
Deconvolution analysis
Peak separation of a DSC curve was carried out using the peak analyzing function of the data processing software OriginPro 2019 Light Stone, Tokyo, Japan . DSC curves in the temperature range from approximately 0 to 100 were analyzed except for the cooling rate of 10 /min, where the curves from 0 to 110 were analyzed. The values at both ends of the range were connected by a straight line to draw the baseline. The curves obtained by subtracting the baselines from the DSC curves were deconvoluted. The number of peaks to be separated was determined by differentiating the original DSC curve with time. The function that represents each peak was selected from the functions built into the software, so that the curve that was obtained by summing the individual peaks could represent the original curve with the highest accuracy that is, the asymmetric double sigmoid and Lorentz functions shown by Eqs. 1 and 2 , respectively, were selected to represent the peaks. The function applied to each peak is indicated in Section 3.
where y is the heat flux, θ is the Celsius temperature, θ c is the Celsius temperature at the center of the distribution, w, w 1 , w 2 , and w 3 are constants related to peak width, and H 1 and H 2 are constants.
Kinetic analysis
The crystallization rate is generally expressed by Eq. 3 18 .
where α is the crystallinity, T is the absolute temperature, and t is the time. f α is a function of the crystallinity as an independent variable, and it represents the kinetic model of the crystallization process. The temperature dependence of the rate constant k T is generally expressed by the Arrhenius equation, Eq. 4 18 .
where A is the frequency factor, E a is the apparent activation energy, R is the gas constant. The change in the crystallinity over time is often expressed by the Johnson-Mehl-Avrami-Kolmogorov JMAK equation shown as Eq. 5 19 23 .
where n is the Avrami index, which reflects the crystallization mechanism, and K is a constant. One can obtain the linear equation in Eq. 6 by taking the natural logarithm of both sides of Eq. 5 twice.
ln ln 1 α n ln t ln K 6
Therefore, one can estimate the K and n values by plotting ln ln 1 α against ln t Avrami plot to investigate the crystallization mechanism 24, 25 .
Many methods have been proposed based on Eqs. 3 and 4 to calculate the apparent activation energy of the crystallization process under the constant temperature-de-creasing condition. Among them, the Ozawa method in Eq. 7 is one of the representative methods in which peaks measured under various cooling rates are analyzed to estimate the E a value 10 .
where β is the cooling rate, T p is the temperature at peak top, and C is a constant. Another method for calculating the apparent activation energy at a certain crystallinity α is the Friedman method, which is expressed by Eq. 8 .
where E a,α and T α are the apparent activation energy and temperature at the certain crystallinity, respectively. Figure 1 shows the DSC curves when cooled at rates of 0.5-10 /min and then heated at 10 /min. The larger the cooling rate, the greater the number of peaks observed during the cooling and heating processes, suggesting the formation of multiple crystal structures.
Results and Discussion

DSC analysis
For the samples cooled at a rate of 0.5-5 /min, only endotherm was observed in the DSC curves during the heating process. During heating process of the oil cooled at 2 /min, a small and broad endothermic peak was observed at temperatures between approximately 70 and 40 . For the oil cooled at 6 /min or higher, a small exothermic peak was observed near 80 , and a broad endothermic peak was also observed from 70 to 40 during heating process. For the oil cooled at 7 /min or higher, a remarkable exothermic peak was further observed at 50 . An exothermic peak between the endothermic peaks in the heating process indicates that a polymorphic transition occurred 26 . Therefore, it was suggested that a metastable crystal structure existed in the oil cooled at 7 /min or higher.
Deconvolution
The DSC curves observed in the cooling process were deconvoluted Fig. 2 . Figure 3 shows the relationship between the peak top temperature and the cooling rate. Each DSC curve was separated into 3-5 peaks, and a total of six peaks were recognized. Peak numbers were assigned in order from the highest peak top temperature to the lowest one. Peaks 1 through 4 and peaks 5 and 6 were fitted with an asymmetric double sigmoid function and a Lorentz one, respectively.
The relationship between the characteristics of the separated peaks and the cooling rate was different for each peak. Peak 1 was observed when cooled at rates of 2-10 / min. When cooled at the rates of 2-4 /min, the peak width narrowed, and the peak top temperature shifted to the higher temperature. At a cooling rate of 4 /min or higher, the peak became larger with increasing cooling rate. The peak top temperature became the highest approximately 22 at a cooling rate of 4 /min, and then it decreased slightly. Peak 1 showed the unique temperature dependence in which the peak top temperature had a maximum value. Such a temperature dependence was specific to peak 1, and it was not recognized in other peaks. The crystallization behavior of rapeseed oil kept isothermally at 17 or lower was previously investigated 13, 27, 28 . The induction period for crystallization did not simply shorten as the storage temperature decreased, but it showed a unique behavior of extending at approximately 23 . Although the condition was different in the constantly cooling process and from that during the isothermal storage, it was speculated that the complicated induction period might be related to the temperature dependence of peak 1.
The peak top temperature of peak 2 decreased in the range of cooling rates from 0.5 to 3 /min. At a cooling rate of 3 /min or higher, the peak top temperature did not change, but the peak became larger and tailed to a high temperature. The width and intensity of peak 3 increased and decreased, respectively, as the cooling rate increased. The peak top temperature also shifted to a low tempera- Fig. 1 , the numbers in the deconvolution column indicate the peak numbers, the numbers in parentheses for peaks 1 through 6 indicate the magnification of the height relative to the first row, and Asym and Lorentz indicate that the peak was fitted with the asymmetric double sigmoid or Lorentz function, respectively. ture. Peak 4 was observed when cooled at 8-10 /min, and peak 5 was observed when cooled at 0.5-2 /min. Peak 6 was observed only when cooled at 8 /min, and five peaks were recognized at the cooling rate. This fact suggests that the DSC curve observed at the cooling rate of 10 /min, which might be more complicated than that observed at the cooling rate of 8 /min, contained small peaks that could not be separated. When the peak top temperatures of peaks 1 through 3 were extrapolated to a cooling rate of 0 /min, all the peaks intersected the vertical axis at approximately 30 . However, rapeseed oil crystallized even during isothermal storage at 20 or higher 13, 27, 28 . These facts suggest that the phenomena occurring at the slow cooling rate were significantly different from those occurring during the isothermal storage.
Kinetic analysis
Kinetic analysis was performed for peaks 1-3, which had many data points. Each peak was normalized by its integrated value, and the crystallinity was calculated Fig. 4 . Using the crystallinity values, Avrami Fig. 5 , Ozawa Fig.  6 , and Friedman Fig. 7 plots were made.
For peak 1, the plots for the cooling rates of 2 and 3 / min differed greatly from those for the cooling rates of 4 / min or higher in Fig. 4, 5 , and 6. This fact strongly suggests that the crystallization behavior differed between the cooling rates of 3 and 4 /min. The Avrami plot showed that the crystallization behavior changed in three steps at cooling rates of 2 and 3 /min, and in two steps at a cooling rate of 4 /min and higher. The change in the slope of the curve suggests a change in the crystallization mechanism 24, 25 . Therefore, the crystallization mechanism itself would change depending on the cooling rate. The fact that the plots did not form a straight line indicates that the peaks could not be accurately represented by the Avrami equation data not shown . In the Ozawa plot, the slope of the curve was negative and positive at the cooling rates of 2 and 3 /min and at the rate of 4 /min, and the activation energies were evaluated to be 11 and 37 kJ/mol, respectively.
The shape and slope of the Avrami plots for peak 2 scarcely depended on the cooling rate and were similar to those of peak 1 at the cooling rates of 2 and 3 /min. This suggests that the crystallization mechanism was the same at the different cooling rates and that it was the same as that of peak 1 at cooling rates of 2 and 3 /min. The activation energy was estimated to be 28 kJ/mol by the Ozawa Fig. 3 Relationship between the peak top temperature of deconvoluted peaks and the cooling rate for peak 1, peak 2, peak 3, peak 4, peak 5, and peak 6.
Fig. 4
Crystallinity of TAGs in the separated peaks i peak 1, cooling rate: 2 /min; ····· 3 /min; ---5 /min; · 10 /min, ii peak 2, cooling rate: 1 /min; ····· 3 /min; ---7 /min; · 10 /min, and iii peak 3, cooling rate: 0.5 /min; ····· 2 / min; ---6 /min; · 10 /min. plot for the data at cooling rates of 0.5-10 /min. The value was significantly different from that of peak 1 at cooling rates of 2 and 3 /min. Therefore, the value obtained by the Ozawa plot seemed to include phenomena different from the crystallization mechanism. However, Figs. 3 and 5 suggested that the crystallization behavior changed at a cooling rate of 7 /min or higher. The crystallization behavior changed at approximately 7 /min only for peak 2. The DSC curve in the heating process suggests that the crystals formed at a cooling rate of 7 /min or higher had low thermodynamic stability. These facts indicate that the crystal structure for peak 2 changed depending on the cooling rate. The change in the number of peaks of the DSC curve depending on the cooling rate indicates that the amount and type of crystallized TAG changed. Therefore, not only the crystal structure but also the TAG composition would change.
Contrary to peak 1, the Avrami plots for peak 3 changed in two steps at low cooling rates 0.5 and 1 /min , but they changed in three steps at high cooling rates 2 /min or higher . For the low crystallinity, i.e. the small ln ln 1 α values, the slope of the curve became smaller as the cooling rate increased. Plots at the large crystallinity almost overlapped. The Ozawa plot also showed an arc, and no clear change was recognized in the plots. The reason for the behavior remains unclear, but it is speculated that phenomena occurring for peak 3 would be different from those for both peaks 1 and 2. In the Friedman plot for peak 3, the slope of the curve also depended on the cooling Fig. 5 Avrami plots for the deconvoluted peaks i peak 1, : 2 /min, : 3 /min, : 4 /min, and : 10 /min; ii peak 2, : 0.5 /min, : 1 /min, : 2 /min, and : 10 /min; and iii peak 3, : 0.5 /min, : 1 /min, : 2 /min, and : 7 / min. Fig. 6 Ozawa plots for the deconvoluted peak 1, peak 2, and peak 3. rate. As with the Ozawa plot, the Friedman plot showed a complicated shape, and no clear change in the slope could be observed. This tendency was also true for peaks 1 and 2.
TAG composition of crystal in separated peak
The fatty acids contained in rapeseed oil are approximately 65 oleic acid hereinafter, O , 20 linoleic acid L , 8 linolenic acid Ln , 4 palmitic acid P , 2 stearic acid S , and 0.5 arachidic acid 13 . The TAG composition of the oil is approximately 25 for trioleoyl glycerol OOO , 20 for 1,2-dioleoyl-3-linoleoyl glycerol LOO , 11 for 1,2-dioleoyl-3-linolenyl glycerol LnOO , and 8 for 1,2-dilinoleyl-3-olelyl glycerol LLO , and the oil does not include TAG consisting only of saturated fatty acids 29 . More than 10 kinds of TAG are further included 29 .
The fusion enthalpy of crystal generally varies with polymorphism 26 . The peak area is not completely proportional to the amount of crystal produced, but it is a measure of enthalpy to some extent. The peak top temperature of peak 3 with the largest area was in the temperature range from approximately 38 to 65 . Bayés-García et al. observed a peak resulting from crystallization at approximately 35 when OOO was cooled at 2 /min 30 . Because the peak top temperature of peak 3 almost coincided with that temperature, the crystal in peak 3 would contain OOO. Because the area of peak 3 was 52-73 of the total peak area, the crystal seemed to contain many TAGs other than OOO. The chemical structures of LOO and LLO, which are the second and fourth most abundant in rapeseed oil, are relatively close to that of OOO. A mixture of OOO and OOL containing OOP was reported to crystallize together 30 . Therefore, OOL and LLO would also be included in crystals responding to peak 3. As mentioned in the previous section, because the amount and type of TAG included in the crystal depended on the cooling rate, these TAGs may be included in the crystals for peaks other than peak 3.
TAGs with the lowest crystallization temperature in rapeseed oil would be LnLnL and LnLL. These TAGs account for less than 5 29 . Because peak 5 had the lowest crystallization temperature and a small area, these TAGs are expected to be the main components of crystal in the peak.
Because peak 1 had the highest crystallization temperature, the TAG in peak 1 was thought to consist mainly of saturated fatty acids. The percentage of TAG containing saturated fatty acids in rapeseed oil is approximately 15 29 . The ratio of the area of peak 1 to the area of all the peaks ranged from 22 at a cooling rate of 2 /min to 2 at a cooling rate of 4 /min or higher. Crystals produced during cooling at 4 /min or higher were expected to contain POP and POS, which had a particularly high melting point among TAGs containing saturated fatty acids.
Conclusions
The crystallization behavior of rapeseed oil was investigated using DSC operated at a cooling rate of 0.5-10 / min. The larger the cooling rate, the greater the number of peaks observed. A deconvolution technique was applied to analyze kinetically the complicated DSC curves. Each DSC curve was separated into 3-5 peaks fitted with an asymmetric double sigmoid function and a Lorentz one, and a total of six peaks was observed. The shape, peak top temperature, and area of the separated peaks differed from each other. For a separated peak, a unique relationship between the cooling temperature and the peak top temperature was observed. This fact suggests a difference in the crystallization behavior between that during isothermal storage and that in a nonisothermal process. Avrami, Ozawa, and Friedman plots suggest that the crystallization mechanism and TAG composition of crystal in the separated peak would be affected by the cooling rate. Some of the TAGs were attributed to the separated peaks based on its crystallization temperatures and TAG contents of the crystals.
